Preclinical and clinical studies of CYP gene-directed enzyme prodrug therapy have been focused on anticancer prodrugs activated by CYP2B enzymes, which have low endogenous expression in human liver; however, the gene therapeutic potential of CYP3A enzymes, which are highly expressed in human liver, remains unknown. This study investigated methoxymorpholinyl doxorubicin (MMDX; nemorubicin), a novel CYP3A-activated anticancer prodrug. Retroviral transfer of CYP3A4 increased 9L gliosarcoma cell chemosensitivity to MMDX 120-fold (IC 50 ¼ 0.2 nM in 9L/3A4 cells). In CHO cells, overexpression of P450 reductase in combination with CYP3A4 enhanced chemosensitivity to MMDX, and to ifosfamide, another CYP3A4 prodrug, 11-to 23-fold compared with CYP3A4 expression alone. CYP3A4 expression and MMDX chemosensitivity were increased in human lung (A549) and brain (U251) tumor cells infected with replication-defective adenovirus encoding CYP3A4. Coinfection with Onyx-017, a replication-conditional adenovirus that coamplifies and coreplicates the Adeno-3A4 virus, led to large increases in CYP3A4 RNA but only modest increases in CYP3A4 protein and activity. MMDX induced remarkable growth delay of 9L/3A4 tumors, but not the P450-deficient parental 9L tumors, in immunodeficient mice administered low-dose MMDX either intravenous or by direct intratumoral (i.t.) injection (60 mg kg À1 , every 7 days Â 3). Notably, the i.t. route was substantially less toxic to the mouse host. No antitumor activity was observed with intraperitoneal MMDX treatment, suggesting a substantial hepatic first pass effect, with activated MMDX metabolites formed in the liver having poor access to the tumor site. These studies demonstrate that human CYP3A4 has strong potential for MMDX prodrug-activation therapy and suggest that endogenous tumor cell expression of CYP3A4, and not hepatic CYP3A4 activity, is a key determinant of responsiveness to MMDX therapy in cancer patients in vivo.
Introduction
Genes encoding prodrug-activation enzymes, when expressed in tumor cells, confer the ability to metabolize an inactive anticancer prodrug into a potent cytotoxin. The cytotoxic metabolite not only kills the enzyme-expressing cells in situ, but may also diffuse into neighboring cells, thereby inducing a bystander cytotoxic response. 1, 2 This strategy serves as the basis for prodrug-activation gene therapy using liver cytochrome P450 (CYP)-activated anticancer prodrugs, such as cyclophosphamide, which have the potential to achieve selective delivery of activated prodrugs to tumor tissue while minimizing systemic metabolism, thereby reducing host toxicity. 3 Enzymeprodrug combinations that have been evaluated in preclinical studies include CYP2B enzymes together with P450 reductase 4 in combination with cyclophosphamide, [5] [6] [7] [8] herpes simplex virus thymidine kinase with ganciclovir as the prodrug, cytosine deaminase with 5-fluorocytosine, carboxylesterase with irinotecan, thymidine phosphorylase with 5-deoxyfluorouridine, purine nucleoside phosphorylase with 6-methylpurine derivatives and nitroreductase with CB1954. [9] [10] [11] Thymidine kinase/ ganciclovir and cytosine deaminase/5-fluorocytosine have been tested in clinical trials [12] [13] [14] as has CYP2B6 in combination with oral cyclophosphamide in patients with advanced breast cancer or malignant melanoma, where clinical indications of efficacy were reported. 15 Other P450 prodrugs investigated in preclinical gene therapy studies include ifosfamide (IFA), 16, 17 an isomer of cyclophosphamide, and the bioreductive drugs tirapazamine 18 and AQ4N. 19 Methoxymorpholinyl doxorubicin (MMDX; nemorubicin) is a derivative of doxorubicin that displays enhanced cytotoxicity toward human tumor cells and hematopoietic progenitors when incubated with liver microsomes, which contain high P450 metabolic activity. 20 , 21 The potentiation of MMDX activity is due to metabolic activation by liver-expressed CYP3A enzymes. [22] [23] [24] The P450-generated active metabolite of MMDX was recently identified and shown to have much higher potency toward cultured cells, and remarkable effectiveness toward tumor xenografts in nude mice, compared with MMDX. 25 Activated MMDX retains activity against tumor cells with different mechanisms of resistance to classical anticancer agents, including MMDX itself. 26, 27 Troleandomycin, a CYP3A enzymeselective inhibitor, blocks hepatic MMDX activation, thereby decreasing antitumor activity and bone marrow toxicity, demonstrating that activated MMDX contributes to both antitumor activity and host toxicity in vivo. 28 Consequently, strategies to reduce systemic MMDX exposure need to be developed to optimize the therapeutic index of this novel anthracycline prodrug.
In an earlier study, CYP3A4 was shown to be the most active catalyst of MMDX activation in a panel of rat and human CYP3A enzymes. 27 Presently, we evaluate the therapeutic impact of introducing CYP3A4 into tumor cells in combination with MMDX treatment in vitro and in vivo. In addition, we employ a replication-defective adenovirus to facilitate CYP3A4 gene transfer to human tumor cells. The potential utility of a replication-conditional adenovirus to enhance CYP3A4 gene delivery was also investigated. Our findings demonstrate the striking therapeutic potential of CYP3A4 in combination with MMDX treatment and, furthermore, suggest that endogenous tumor cell expression of CYP3A4 in individual patients may serve as an important determinant of responsiveness to MMDX in vivo.
Materials and methods

Supplementary materials and methods
Materials and methods used for western blotting, P450 reductase assay, quantitative real-time PCR analysis, CYP3A4 adenovirus preparation and adenovirusmediated RNA transcription, protein expression and enzyme activity are available on-line as Supplementary Information.
Cell lines CHO/HR, CHO/3A4 and CHO/3A4/HR cells 29 were obtained from Dr Thomas Friedberg (Biomedical Research Centre, University of Dundee, UK) and were grown in a-MEM culture medium containing dialyzed 10% fetal bovine serum (FBS) (CHO/3A4 and CHO/3A4/ HR cells) or in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS, 10 mM hypoxanthine and 1.6 mM thymidine (Invitrogen, Carlsbad, CA). 9L and 9L/ 3A4 cells (see below) were cultured in DMEM þ 10% FBS. Human tumor cell lines U251 (brain tumor) and A549 (lung cancer) were obtained from Dr Dominic Scudiero (NCI, Bethesda, MD).
Generation of 9L/3A4 cells by retroviral infection CYP3A4 cDNA, obtained by reverse transcriptase PCR of human liver RNA and cloned in the XhoI/XbaI sites of pDHFR to yield pDHFR/3A4, was kindly provided by Dr Thomas Friedberg. The nucleotide sequence flanking the AUG initiator codon of CYP3A4 was modified to conform to the conserved Kozak sequence XX(A/G)XXAUGG, required for the efficient initiation of eukaryotic protein synthesis. 30 A retroviral plasmid of the pBabe series, which encodes a puromycin resistance gene transcribed from the SV40 early promoter, was obtained from Dr B Spiegelman (DanaFarber Cancer Institute, Boston, MA). CYP3A4 excised from pDHFR/3A4 with XhoI and XbaI was blunt ended and subcloned into the blunt-ended SnaBI site of pBabepuro to yield pBabe-puro-3A4, where CYP3A4 transcription is regulated by the retroviral long-terminal repeat promoter. To generate infectious retroviral particles, the ecotropic packaging cell line Bosc 23 was cultured at 2.5 Â 10 6 cells per 60-mm dish in 4 ml of DMEM (Invitrogen) containing 10% FBS, 100 U ml À1 penicillin and 100 mg ml À1 streptomycin (Invitrogen). pBabe-puro-3A4 DNA (5 mg) and pKAT DNA (2 mg) 31 were cotransfected into Bosc 23 cells using Fugene 6 transfection reagent (Roche Diagnostics, Indianapolis, IN) according to the manufacturer's instructions. Cells were cotransfected with pBabe-puro þ pKAT as a P450-deficient control. Twenty-four hours later, the culture medium was replaced with 4 ml of fresh DMEM containing 10% FBS. After a second 24-h period, the culture medium, containing infectious retroviral particles, was gently removed with a sterile pipette and added to 9L gliosarcoma cells (5 Â 10 5 cells in a 100-mm dish) in the presence of 4 mg ml À1 of polybrene (Sigma-Aldrich, St Louis, MO). Three hours later, the medium was supplemented with 7 ml of fresh DMEM þ 10% FBS. The infected 9L cells were trypsinized 48 h later, split into four 100-mm dishes and treated with 2 mg ml À1 puromycin for 3 days. Approximately 80% of the infected 9L cells acquired resistance to puromycin, indicating a high efficiency of retroviral gene delivery. Pools of puromycin-resistant cells were grown in puromycin-free medium and assayed for CYP3A4 protein (western blot analysis) and MMDX sensitivity. To select clonal 9L/3A4 cells, a puromycin-resistant 9L/3A4 cell pool was trypsinized and diluted to a nominal density of one, two and four cells per 200 ml of DMEM containing 10% FBS and plated in 96-well plates. Wells containing single colonies were identified B2 weeks later using a light microscope, trypsinized and divided into duplicate wells of a 24-well plate. One well derived from each colony was kept untreated, and the second well was treated with 5 nM MMDX for 4 days. Six of the 30 colonies examined were killed by MMDX with a high efficiency (100% cell killing after 4 days). Wells containing untreated cells derived from the corresponding colonies were trypsinized and replated into six-well plates for propagation and further characterization. All experiments using 9L/3A4 cells were carried out using 9L/ 3A4 clone 5 (see Figure 1a , below). The term '9L cells' refers to a pool of puromycin-resistant 9L cells infected with pBabe-puro, which was used as a P450-deficient control.
Cell growth inhibition assay 9L and CHO cells were plated in triplicate wells of a 96-well plate at 3000 cells per well 24 h before drug treatment. Cells were treated with various concentrations of MMDX or IFA for 4 days. Cells were then stained with crystal violet (A 595 ) and relative cell survival was calculated. 27 IC 50 values were determined from a semilogarithmic graph of the data points using Prism 4 (Graphpad Software Inc., San Diego, CA).
Quantitation of 4-OH-IFA production and active MMDX formation by tumor cells expressing CYP3A4 9L/3A4 cells were plated in 12-well culture plates at 1.5 Â 10 5 cells per well in 1.5 ml culture medium. Twentyfour hours later, IFA at various concentrations was added to the cells together with 5 mM semicarbazide to trap and stabilize the 4-OH-IFA metabolite. After 4 h of treatment, an aliquot of culture medium (0.5 ml) was removed from each well and stored at À80 1C until ready for 4-OH-IFA analysis. Cells remaining on the plate were washed with phosphate-buffered saline and stained with crystal violet. A C 18 high-performance liquid chromatography assay was used to quantify 4-OH-IFA by fluorescence after derivatization of its by-product acrolein to 7-hydroxyquinoline. 32 Standard curves for 4-OH-CPA were generated using 4-OOH-CPA dissolved in cell culture medium (0-40 mM).
32 Cellular IFA 4-hydroxylase activity was calculated from integrated peak areas determined by Millennium 32 software.
CYP3A4-activated MMDX metabolite released into the culture medium was assayed as follows. 9L and CHO cells expressing CYP3A4, and CYP3A4-deficient control cells, were plated in 12-well plates at 1.5 Â 10 5 cells per well. Twenty-four hours later, MMDX at various concentrations was added to the cells in 1.5 ml culture medium for 2 h, at which time 0.5 ml of the culture supernatant was removed from the 9L and 9L/3A4 cell cultures and mixed with 0.5 ml of fresh a-MEM þ 10% dialyzed FBS. In parallel, 0.5 ml of culture supernatant was removed from the MMDX-treated CHO cell lines and mixed with 0.5 ml of fresh DMEM þ 10% FBS. A 0.2 ml aliquot of each sample was added to triplicate wells of 9L cells, seeded 24 h earlier at 3000 cells per well in 96-well plates ('9L indicator cells'). The 9L indicator cells The cells were incubated with the viruses for 4 h in 0.2 ml culture medium per well, after which 0.8 ml of fresh medium was added to each well. The virus was removed after 24 h, and 1 ml of fresh medium containing MMDX (0-8 nM) was added to the cells. After 2 days of MMDX treatment, the medium was replaced with 1 ml of fresh MMDX-containing medium for an additional 4 days. Surviving cells were stained with crystal violet.
Tumor growth delay assay 9L and 9L/3A4 cells were grown as solid tumors in male ICR/Fox Chase SCID mice (Taconic Inc., Germantown, NY) using procedures approved by the Boston University Institutional Animal Care and Use Committee. Cells cultured in DMEM medium to 75% confluence were trypsinized and washed in phosphate-buffered saline and then adjusted to 2 Â 10 7 cells per ml of FBS-free DMEM. Four-week-old SCID mice (18-20 g) were implanted with either 9L or 9L/3A4 tumor cells by injection of 4 Â 10 6 cells per 0.2 ml of cell suspension, subcutaneously, on each hind flank. Tumor sizes (length and width) were measured twice a week using vernier calipers beginning from 7 days after tumor implantation. When the average tumor size reached 300-400 mm 3 , MMDX dissolved in phosphate-buffered saline was administered by tail vein injection (intravenous, i.v.) or by direct intratumoral (i.t.) injection (three injections spaced 7 days apart, each at 60 mg MMDX per kg body weight, except as noted). I.t. injections were performed using a syringe pump (model 70-2212, Dual Syringe Pump with Serial Communication; Harvard Apparatus Inc., Holliston, MA) set at 1 ml s À1 with a 30-gauge needle. Each i.t. treatment dose was divided into three injections per tumor, with the injected volume set at 50 ml per tumor per 25 g mouse. Thus, for a 30 g mouse, a total of 120 ml of 15 mg ml À1 MMDX solution was administered: 20 ml per site Â three sites per tumor Â two tumors per mouse. For a 25 g mouse, a total of 100 ml of 15 mg ml À1 MMDX solution was administered: 50 ml per tumor, 16.7 ml per site Â three sites per tumor Â two tumors per mouse. Drug-free controls were injected i.t. with the same volume of phosphate-buffered saline. In some experiments, MMDX was administered by intraperitoneal (i.p.) injection at 40 or 60 mg per kg body weight. Tumor sizes and body weights were measured twice a week for the duration of the study. Tumor volumes were calculated using the formula:
. Percent tumor regression was calculated as 100 Â (V 1 ÀV 2 )/V 1 , where V 1 is the tumor volume on the day of drug treatment and V 2 is the volume on the day when the largest decrease in tumor size is seen following drug treatment. Tumor-doubling time was calculated as the time required for tumors to double in volume after drug treatment.
Results
Retroviral expression of human CYP3A4 chemosensitizes 9L gliosarcoma cells to MMDX and IFA Retrovirus encoding CYP3A4 cDNA was used to infect 9L tumor cells, which were selected based on their acquired resistance to puromycin. CYP3A4 protein was detected in the resultant pool of puromycin-resistant cells, as shown by western blotting (Figure 1a ). The selection of cells showing increased sensitivity to MMDX yielded clones with elevated levels of CYP3A4 protein. 9L/3A4 clone 5 had the highest CYP3A4 protein content, Figure 1b and Table 1 ). This potent cytotoxicity of activated MMDX contrasts with that of the CYP3A4 prodrug IFA, which required millimolar concentrations to kill 9L/3A4 cells ( Figure 1c and Table 1 ). To verify the role of CYP3A4 metabolism in the activation of MMDX to cytotoxic metabolites, 9L/3A4 cells were treated with MMDX (1 nM) together with increasing concentrations of the CYP3A4 inhibitors ketoconazole and troleandomycin. MMDX cytotoxicity was fully blocked by ketoconazole (0.5 mM) and troleandomycin (20 mM) (Figure 1d ).
P450 reductase overexpression enhances cytotoxicity of MMDX and IFA P450 reductase is a rate-limiting component for microsomal P450 reactions, 33 including those catalyzed by CYP3A enzymes. We therefore investigated whether the cytotoxicity of MMDX could be further increased by the overexpression of P450 reductase. Efforts to augment the endogenous P450 reductase of 9L/3A4 cells by infection with retrovirus encoding rat P450 reductase were unsuccessful and resulted in a small decrease in CYP3A4 protein (data not shown). We therefore examined CHO cell lines engineered to express CYP3A4 alone (CHO/3A4 cells) or in combination with P450 reductase (CHO/3A4/ HR cells). 29 These cells have CYP3A4 protein levels similar to each other and to 9L/3A4 cells (Figure 2a ). P450 reductase activity was 31-fold higher in CHO/3A4/ HR cells than in CHO/3A4 cells; it was also sixfold higher than in 9L/3A4 cells (Figure 2b) . Correspondingly, CHO/ 3A4/HR cells showed a large increase in IFA metabolic activity, 28-fold compared with CHO/3A4 cells and 15-fold compared with 9L/3A4 cells (Figure 2c ). CHO/3A4/ HR cells also showed an increased MMDX activation, as determined by the formation of metabolites cytotoxic toward 9L indicator cells. Thus, at 4 nM MMDX, CHO/ 3A4/HR cells produced sufficient active metabolites to kill 470% of the 9L indicator cells, whereas o10% of indicator cell killing was observed with CHO/3A4 and 9L/ 3A4 cell lines under the same conditions (Figure 2d) . Moreover, CHO/3A4/HR cells were B11.3-fold more sensitive to MMDX than CHO/3A4 cells (Table 1) , where the low endogenous P450 reductase limits P450 metabolic activity. CHO/3A4/HR cells also exhibited 8-to 23-fold greater sensitivity to IFA, as compared with CHO/3A4 and 9L/3A4 cells ( Table 1 ). All three cell lines exhibited similar intrinsic sensitivities to activated IFA (o2-fold difference in IC 50 values; Table 1 , last column) as determined using 4-OOH-IFA, a chemically activated form of IFA. Thus, the endogenous CHO tumor cell level of P450 reductase is rate limiting for CYP3A4-catalyzed activation of both MMDX and IFA.
Adeno-3A4 infection of human tumor cell lines Adeno-3A4, an E1 and E3 region-deleted, replicationdefective adenovirus encoding full-length CYP3A4 cDNA, was used to induce CYP3A4 expression in two human tumor cell lines, A549 lung and U251 brain cancer cells. U251 cells are more susceptible to adenovirus infection than A549 cells, as determined using adenovirus encoding bacterial b-galactosidase, visualized by staining the infected cells with the chromophoric substrate X-gal (data not shown). At an Adeno-3A4 MOI of 150, CYP3A4 RNA increased up to B6000-fold in both cell lines, as determined by quantitative real-time PCR (Supplementary Figure S1A) . CYP3A4 RNA levels in the Adeno-3A4-infected cells (MOI 75) were similar to those found in 9L/3A4 cells. Adeno-3A4 also induced a dose-dependent increase in CYP3A4 protein (Supplementary Figures S1B and S2 ) and metabolic activity, assayed by the formation and release of 4-OH-IFA into the culture medium of cells incubated with IFA (Supplementary Figure S1C ). Overall, 4-OH-IFA production per pmol of CYP3A4 protein was two-to fourfold higher in 9L/3A4 cells than in the Adeno-3A4-infected A549 and U251 cells.
Adeno-3A4 infection conferred dose-dependent increases in MMDX toxicity toward U251 cells (IC 50 ¼ 1.4 nM at 100 MOI Adeno-3A4; Figure 3a) . MMDX was cytotoxic to the Adeno-3A4-infected A549 cells, but only at high viral doses (IC 50 ¼ 4.7 nM at 200 MOI; Figure 3b ) (c.f., IC 50 (MMDX) ¼ 24 nM in A549 controls 27 ). In an effort to chemosensitize the cells to MMDX at lower Adeno-3A4 MOIs, cells were coinfected with Onyx-017, an E1B-55kd-deleted oncolytic adenovirus that selectively replicates in p53-deficient tumor cells and can be used as a helper virus to coamplify and increase the expression and cellular transmission of replication-defective virus encoding CYPs 2B6 and 2B11. 6, 34 Coinfection of A549 or U251 tumor cells with Adeno-3A4 þ Onyx-017 resulted in up to a 50-to 60-fold increase in CYP3A4 RNA compared with infection with Adeno-3A4 alone (Supplementary Figure S3A) accompanied by large increases in adenoviral E3 RNA, derived from Onyx-017 (Supplementary Figure S3B) . However, only modest increases in CYP3A4 protein were obtained, although increased expression of a higher molecular weight CYP3A4 immunoreactive protein was also observed in cells infected with both viruses (Supplementary Figure S2) . Onyx-017 increased Adeno-3A4-dependent CYP3A4 metabolic activity (Supplementary Figure S3C) and CYP3A4-dependent MMDX cytotoxicity (Figure 3c ), albeit to a much lesser extent than the increase in CYP3A4 RNA (Supplementary Figure S3A) .
Impact of CYP3A4 on MMDX antitumor activity in vivo 9L/3A4 cells were used as an ex vivo gene transfer model to evaluate the impact of CYP3A4 gene delivery on the chemosensitivity of 9L tumors to MMDX in vivo in the context of endogenous liver MMDX metabolism. Figure 4 shows the results of a tumor growth delay study comparing the antitumor activity of MMDX toward 9L tumors vs 9L/3A4 tumors. Mice were given a series of three weekly injections of MMDX (60 mg per kg body weight) by i.v. injection or by direct i.t. injection. 9L tumors did not show any sustained growth delay in response to MMDX treatment through either injection P450 3A4 prodrug methoxymorpholinyl doxorubicin H Lu et al route, although a modest but transient growth inhibitory effect was apparent in the case of the i.t. treatment group 3 days after the second MMDX injection (Figure 4a , inset). In contrast, 9L/3A4 tumors exhibited a substantial and prolonged regression following the first MMDX treatment cycle, either by the i.v. or by the i.t. route ( Figure 4a and Table 2 ). Regrowth of the MMDX-treated 9L/3A4 tumors was not apparent until day 35, at which time a second cycle of three weekly MMDX treatments was initiated. Four of the eight tumors in this group did not double in size by the time the experiment was terminated on day 59; the doubling time for the other four tumors was 35 days for the first cycle of MMDX treatment and 17 days for the second MMDX treatment cycle, that is, six-and threefold longer than the 5.8-day doubling time of untreated 9L/3A4 tumors.
In separate experiments, mice bearing 9L/3A4 tumors were treated with MMDX by an i.p. injection every 6 days, either as a series of five injections at 40 mg per kg body weight or a series of four injections at 60 mg per kg body weight. No antitumor activity, and no host toxicity, was seen with the i.p. route of MMDX administration (Table 2) . In contrast, i.v. MMDX treatment induced strong systemic toxicity, with four out of four mice dying within 7 days (9L tumors) and three out of four mice dying within 10 days (9L/3A4 tumors) after completing the first MMDX treatment cycle ( Figure 4a and Table 2 ). This toxicity was also apparent from the body weight loss of 3-7 g seen for the 9L and 9L/3A4 tumor-bearing mice following i.v. MMDX injection (Figure 4b ). Although a 2-4 g body weight loss was observed in the 9L/3A4 tumor-bearing mice on days 10 and 17 after the first i.t. CHO/3A4-4 and CHO/3A4-10 correspond to two independent clones with similar CYP3A4 protein levels (not shown) and similar sensitivity to MMDX (see Table 1 ). IFA, ifosfamide; MMDX, methoxymorpholinyl doxorubicin. ) was administered, either by i.v. or by i.t. injection, as indicated, beginning when the tumors reached 300-400 mm 3 in size. Numbers shown alongside individual data points indicate the number of mice remaining alive at each time point; data points not numbered indicate no deaths occurred, that is, four mice alive/drug-treated group. Tumor volume and body weight data are mean ± s.e. values based on n ¼ 6 tumors (n ¼ 3 mice) (drug-free controls) or n ¼ 8 tumors (n ¼ 4 mice) (MMDX treatment groups). MMDX was highly toxic by the i.v. administration route, with four out of four i.v. injected 9L tumor-bearing mice dying by day 21 (that is, 7 days after completing the cycle of three weekly MMDX injections) and three out of four i.v. MMDX-injected 9L/3A4 tumor-bearing mice dying by day 24. Drug toxicity was not observed for the i.t. MMDX 9L/3A4 tumor group until after completion of a second cycle of three weekly MMDX injections, with one mouse dying on day 52 and a second mouse on day 56. The inset in (a) highlights the transient growth delay seen in 9L tumors given MMDX by i.t. injection. I.t., intratumoral; i.v., intravenous; MMDX, methoxymorpholinyl doxorubicin.
Discussion
CYP3A4 is the major CYP in human liver, where it plays a dominant role in the metabolism of several anticancer drugs, including epipodophyllotoxins, tamoxifen, taxol, vinca alkaloids and IFA. 35 Drugs such as vinca alkaloids and irinotecan are metabolized by CYP3A4 to less active or inactive metabolites, 36, 37 whereas other anticancer drugs, including IFA, 32 the bioreductive agent AQ4N 19 and the anthracycline MMDX, are metabolized by CYP3A4 to more toxic metabolites. These and other anticancer P450 prodrugs are potential candidates for use in P450-based gene therapy for cancer. 38 Preclinical P450 prodrug-activation studies to date have focused on CYP2B enzymes in combination with cyclophosphamide and IFA, and initial clinical trials have been promising. 15, 39 However, the therapeutic potential of other P450-prodrug combinations, in particular those that involve CYP3A enzymes, which are distinguished from CYP2B enzymes by their high level expression in liver, is largely unknown. This study investigated whether CYP3A4 may be used together with the CYP3A prodrug MMDX for gene-directed enzyme prodrug therapy (GDEPT) applications in cancer. Our primary goal was to determine whether CYP3A4 can be delivered to tumor cells at a level that is sufficient to sensitize the cells to MMDX, not only in cell culture, but also in vivo, where MMDX is extensively metabolized in the liver by endogenous hepatic CYP3A enzymes.
MMDX has several features that make it an attractive prodrug candidate for GDEPT applications. In particular, the cell membrane permeability 24 and long half-life of activated MMDX 27 both indicate that the activated metabolite has the potential to confer a strong bystander effect, which is essential for any GDEPT strategy to be effective in vivo. The potential utility of MMDX for GDEPT for cancer treatment was investigated using CYP3A4, which displays the highest rate of MMDX activation in a panel of CYP3A enzymes. 27 A 120-fold increase in MMDX sensitivity was obtained in 9L gliosarcoma cells infected with retrovirus expressing CYP3A4 as compared with CYP3A4-deficient 9L cell controls. Tumor cell expression of CYP3A4 dramatically increased chemosensitivity to MMDX in vivo, as revealed by a tumor growth delay study carried out in a scid mouse xenograft model. Notably, i.t. expression of CYP3A4 increased MMDX antitumor activity dramatically, even though MMDX itself has a substantial intrinsic anticancer activity, and despite the fact that MMDXactivating CYP3A enzymes are already expressed endogenously at a high level in mouse liver, 28 as they are in human liver. 27 CYP3A4, in combination with MMDX, is thus a promising enzyme-prodrug combination that warrants further development and preclinical evaluation. The strong chemosensitization of 9L/3A4 tumors to MMDX reported here further suggests that MMDX may be particularly active against tumors that express CYP3A4 endogenously, that is, without the introduction of a gene therapy vector. CYP3A4 expression has been reported in a broad range of primary human tumor tissues including those from patients with colon cancer, 40 breast cancer, 41 lung cancer, 42 renal cell cancer 43 and bladder cancer. 44 MMDX could be an agent of choice for patients with tumors characterized by high CYP3A4 levels, insofar as those tumors are likely to be resistant to drugs such as irinotecan/CPT-11, paclitaxel and docetaxel, which are inactivated by CYP3A4 metabolism. 36, 40, 45 CYP3A4-expressing 9L cells grew approximately twofold slower in culture than the corresponding P450-deficient cells. Slower growth rates were also reported in response to the introduction of CYP3A4 in human Abbreviations: i.t., intratumoral; i.p., intraperitoneal; i.v., intravenous; MMDX, methoxymorpholinyl doxorubicin. 9L and 9L/3A4 tumors grown in scid mice, as in Figure 4 , were treated with MMDX using the indicated dosing regimen, route and dose. Tumor-doubling time corresponds to the time in days required for the tumor volume to double relative to the volume on day 0, that is, the first day of MMDX treatment. Tumor regression was calculated as described in Materials and methods. Toxicity indicates the number of mice that died over the course of a cycle of MMDX treatment (that is, a series of three, four or five MMDX injections spaced 6 or 7 days apart, as indicated under dosing regimen) compared with the total number of treated animals, which ranged from 2 to 10, as shown in the last column.
Caco-2 intestinal cells and HepG2 hepatoma cells, both derived from tissues that normally express CYP3A4 endogenously. 46, 47 In the case of Caco-2/3A4 cells, cell growth improved with the loss of CYP3A4 during cell passage. 46 Cells with a high CYP3A4 activity may thus be at a growth disadvantage and ultimately be replaced by more rapidly proliferating cells with a lower level of CYP3A4. This hypothesis may help explain the difficulty we encountered in coexpressing CYP3A4 and P450 reductase at high levels in 9L cells, insofar as cells with a lower CYP3A4 metabolic activity (that is, cells that do not overexpress P450 reductase and/or have a low level of CYP3A4) may have a growth advantage over cells in the population with higher levels of CYP3A4 activity. Conceivably, high levels of CYP3A4 activity could slow cell growth by metabolizing an essential endogenous cell growth regulator. However, an increase in growth rate was not seen when 9L/3A4 cells were cultured in the presence of the CYP3A-selective inhibitor troleandomycin (10-100 mM) (data not shown). Further studies are needed to fully understand the effects of CYP3A4 expression on tumor cell growth and viability and their impact on efforts to induce CYP3A4 expression in human tumors in vivo using viral or other gene therapy vectors.
CHO/3A4/HR cells are characterized by a 31-fold increase in P450 reductase activity compared with CHO/ 3A4 cells, which translated into a 28-fold higher CYP3A4 metabolic activity (IFA 4-hydroxylation) and an 11-fold (MMDX) or 23-fold (IFA) increase in prodrug cytotoxicity (Table 1) . These findings support our earlier observation that coexpression of P450 reductase with CYP2B1 or CYP2B6 substantially improves GDEPT activity when combined with cyclophosphamide or IFA treatment. 4, 7 In some tumor cell lines, however, there may be minimal or even no improvement in CYP metabolic activity upon coexpression of P450 reductase, 48 perhaps due to an already high molar ratio of endogenous P450 reductase to exogenous CYP, which is expected to saturate CYP metabolic activity. 49 Efforts to use retroviruses to increase the level of P450 reductase in 9L/3A4 cells were unsuccessful and resulted in a decrease in CYP3A4 protein levels without an increase in MMDX toxicity (data not shown). A decrease in CYP3A4 protein content was also seen when P450 reductase was introduced into CHO/3A4 cells, although in this case a large increase in overall CYP3A metabolic activity was obtained ( Figure 2 and Ding et al. 29 ). Thus, the impact of P450 reductase gene transfer on tumor cell capacity for P450 prodrug activation may be dependent on the endogenous tumor cell level of P450 reductase and its relation to the overall tumor cell P450 protein content following introduction of the gene therapy vector. Gene therapy vectors that give high levels of P450 expression (for example, adenoviral vectors) 34 may be particularly demanding in terms of the requirement for P450 reductase, particularly in the case of CYPs that have a low apparent affinity for P450 reductase. 50 The expression in tumor cells of other enzymes that utilize endogenous P450 reductase, which include cytochrome b 5 , heme oxygenase and the fatty acid hydroxylation system, may also influence the requirement of exogenous P450 reductase for efficient GDEPT activity.
The toxicity of activated MMDX is manifest at nanomolar prodrug concentrations, which enabled us to carry out these studies at concentrations of MMDX that are 410 000-fold lower than the K m for MMDX, 16 mM. 25 Nevertheless, despite the very low concentration of MMDX, there is sufficient formation of the active MMDX metabolite to affect tumor cell killing. This high potency of MMDX was retained in vivo, where low drug doses (60 mg per kg body weight) induced a substantial antitumor response, despite the fact that circulating MMDX concentrations are typically o10 nM following bolus MMDX administration, 51 that is, 41000-fold lower than the K m (MMDX) for CYP3A4 metabolism. In contrast, IFA cytotoxicity required millimolar concentrations of prodrug, consistent with the K m (IFA) of B1 mM exhibited by CYP3A4. 32 Human tumor cells infected with Adeno-3A4 exhibited a modest increase in MMDX sensitivity compared with that seen in the case of the retrovirus-infected 9L cells. Efforts to further chemosensitize the tumor cells using the tumor cell-replicating adenovirus Onyx-017 to promote the replication and increase the expression from the replication-defective adenoviral P450 vector 6, 34 were only partially successful. Although coinfection of tumor cells with Onyx-017 þ Adeno-3A4 resulted in a 50-to 60-fold increase in CYP3A4 RNA compared with Adeno-3A4 infection alone, only modest increases in CYP3A4 protein and activity were achieved. Further study will be needed to develop strategies for increasing i.t. CYP3A4 protein and activity in vivo, for example, by taking advantage of the recently described stabilizing effect of NFkB on CYP3A4 protein, 52 before this CYP3A4 gene therapy can be implemented in the clinic. Nevertheless, this study provides proof-of-concept for the potential of CYP3A4 for prodrug activation-based gene therapy in the context of a high background of liver CYP3A activity.
P450-based GDEPT using cyclophosphamide-activating CYP2B enzymes improves i.t. 4-OH-cyclophosphamide pharmacokinetics and enhances antitumor activity in vivo, with the greatest improvements obtained when cyclophosphamide is administered by direct i.t. injection. 53, 54 In this study, host toxicity associated with MMDX treatment was dramatically decreased when MMDX was directly delivered into tumors using a syringe pump. 9L/3A4 tumors did not respond to MMDX administered by an i.p. injection, suggesting that there is a significant first-pass hepatic effect that not only leads to MMDX activation but also inactivates MMDX and/or its active metabolite. Low host toxicity was observed when MMDX was administered by direct i.t. injection, in contrast to i.v. MMDX treatment, which resulted in seven out of eight deaths after the first cycle of MMDX treatment, perhaps due to intrinsic toxicities associated with exposure to the unmetabolized parent drug. Direct i.t. delivery of MMDX might also help overcome the low efficiency of drug uptake that characterizes many solid tumors, although in this study there was no difference in 9L/3A4 antitumor activity between i.v. and i.t. MMDX administrations. Although i.t. chemotherapy is not suitable for all solid tumors and may impose certain practical limitations, it has been used in the clinic for treatment of a number of diseases, including head and neck cancer, lung cancer and breast cancer, [55] [56] [57] and could prove to be particularly effective in the case of CYP3A4-expressing tumors and MMDX.
In summary, the present proof-of-concept studies establish the therapeutic efficacy of MMDX treatment in combination with CYP3A4 gene transfer and demonstrate the strong anticancer potential of this novel geneprodrug combination. However, the efficiency of CYP3A4 protein expression in tumor cells needs to be improved for this strategy to be implemented in the clinic. These studies also highlight the importance of the level of tumor cell expression, rather than the level of hepatic CYP3A4 expression for effective chemotherapeutic responses to MMDX in the absence of a gene therapeutic and suggest that patient tumor biopsies should be screened for CYP3A4 protein levels to identify individuals who are most likely to benefit from treatment with MMDX and perhaps other CYP3A4 prodrugs.
Abbreviations CYP or P450, cytochrome P450; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; GDEPT, gene-directed enzyme prodrug therapy; IFA, ifosfamide; MMDX, methoxymorpholinyl doxorubin, also known as nemorubicin; MOI, multiplicity of infection.
